In a previous paper we have shown that an ideal gas of fundamental strings is not able to sustain, by itself, a phase of isotropic in ation of the Universe. We show here that fundamental strings can sustain, instead, a phase of anisotropic in ation -accompanied by the contraction of a su cient number of internal dimensions . The conditions to be met for the existence of such a solution to the Einstein and string equations are derived, and the possibility of a successful resolution of the standard cosmological problems in the context of this model is discussed.
Introduction
It is well known that the classical problems of standard cosmology may be solved by a primordial phase of accelerated expansion (in ation). Many in ation scenarios, involving just the minimal number of spatial dimensions, have been proposed with various degrees of success (see 1] for a recent review). In most cases, a large and positive cosmological constant (vacuum energy) is needed, during a long enough period of time. Since present bounds on the cosmological constant are very tight, one is faced with the problem of ne-tuning a potential so that the ratio of vacuum energy density during and after in ation is enormously large.
In view of this problem it seems worthwhile to consider in ationary scenarios in which no cosmological constant is actually required in order to drive in ation in the three physical spatial dimensions. A possible mechanism of this kind is provided by the simultaneous contraction of some extra dimensions, as rst pointed out in some pioneer papers on Kaluza-Klein (KK) cosmology 2].
Consider indeed a cosmological manifold which is the direct product of a The consistency, and the e ciency, of a mechanism of dynamical dimensional reduction depends crucially, of course, on the number of dimensions and on the equation of state characterizing the gravitational sources, as shown in detail by a recent phenomenological discussion 3]. As possible models of source, compatible with in ation during the decoupling of internal and external dimensions, the examples so far considered include a relativistic gas of massless particles 2], a perfect uid with phenomenological equation of state [3] [4] [5] , the antisymmetric tensor of supergravity theories 6] and, more recently, scalar elds at nite temperature 7].
The problem with KK cosmology is that there is no consistent quantum theory of gravitational or gauge interactions in D > 4. The only exception to this rule appears to reside in string theory. Since string matter may behave di erently from point particles it seems worthwhile to reconsider these KK in ationary scenarios within string theory. Also, in a realistic string uni cation theory, the scale of compacti cation of the extra dimensions is expected to be not much di erent from the string mass scale [8] [9] [10] . It may be possible, therefore, for the multidimensional phase of our universe to be necessarily a "stringy" phase so that, as stressed in 8], dimensional reduction cannot be adequately described in the eld theory limit, but requires instead the direct application of string theory in non-trivial backgrounds.
In this paper we present a particular solution of the Einstein-plus-string equations, showing that it is possible to have a self-sustained string plus gravity system which exhibits in ationary expansion of three-dimensional space, and simultaneous contraction of the other n dimensions, provided n > 10.
This solution describes a phase dominated by unstable strings 11, 12] , i.e. non-oscillating string con gurations whose proper amplitude tends to evolve, asymptotically, like the scale factor (while the co-moving amplitude becomes "frozen"). Their e ective pressure is negative in physical three-dimensional space, and positive (but negligible) in internal space. With this source, the internal dimensions contract with a negative acceleration, while the three-dimensional spatial expansion turns out to be of the super-in ationary type 13], i.e. characterized by Consequently, the string energy density grows with R and approaches a singularity in a nite (cosmic time) interval. However, this picture of the early universe cannot be extended above a maximal density, where string and other quantum corrections to the Einstein equations cannot be neglected, and where, in any case, a transition to the standard, radiation-dominated scenario may be expected. Nevertheless it seems possible, according to our mechanism, to obtain a signi cative in ation of the causal horizon of physical space-time already before reaching these maximal (Planckian) densities.
The content of the paper is as follows. In Section 2, considering the equations of motion for a string embedded in an isotropic Friedman-Robertson-Walker (FRW) background, we review the general form of the leading order solution valid, in the large R limit, in the case of in ationary expansion. In Section 3 we present a new approximate solution to the same string equations, valid in the small R limit for a negatively accelerated contraction (dR=dt < 0; d 2 R=dt 2 < 0). In Section 4 we discuss the values of D and n for which the Einstein and string equations can be simultaneously and consistently satis ed by anisotropic con gurations in which d dimensions in ate, and the remaining n dimensions contract. The possibility that this scenario , in the particular case of D = 4 L 22 dimensions, may represent a viable mechanism to solve at least some of the standard cosmological problems is nally discussed in Section 5.
Asymptotic string con gurations in in ationary expanding backgrounds
The equations of motion of a string, coupled to a D-dimensional background metric G AB , can be written 11, 14] where ? is the Christo el connection for the metric G AB ; a dot and a prime denote, respectively, di erentiation with respect to the world-sheet time and space variables, and . The variation of the action with respect to the world-sheet metric provides, in addition, the two constraints 11, 14] G AB ( _ X A _ X B + X 0A X 0B ) = 0
We are interested, in this Section, in the case of a homogeneous and isotropic cosmological background, with at spatial sections, described in the cosmic time gauge (X 14] for a discussion of the fact that such a manifold does not provide a conformally invariant -model, at the quantum level, and hence it is not a candidate string vacuum). The string equations and constraints thus become, explicitly, t ? t 00 + R dR
Consider, in particular, an in ationary expanding background (dR=dt > 0, so that the ! 0 limit corresponds indeed to R ! 1).
In the case = 1 (de Sitter), eq.(2.9) is to be replaced by 11] We also recall that the general solution for X i , without the gauge xing condition L 0 = 0, has been reported in 11].
It is important to stress that, for these string con gurations, the world-sheet time turns out to be proportional, asymptotically, to the conformal time coordinate of the background manifold, de ned by R = dt=d . Indeed, from eqs. (2.9) and (2.12), _ t = RL, so that = L (2:15)
Moreover we note, for future reference, that for these con gurations RX 0i behaves asymptotically like R (as _ X i ! 0 for ! 0), and that the con gurations are characterized by the general properties j _ tj >> jt 0 j ; j _ X i j << jX 0i j (2:16)
As a consequence, their net contribution to the e ective pressure of the gravitational sources is negative. Indeed, by using the constraints (2.2), the string energy-momentum tensor T AB obtained by varying the action with respect to the background metric, i.e. (2:17) can be shown to satisfy the identity 11] 
Asymptotic string con gurations in backgrounds with accelerated contraction
Consider again a string coupled to the FRW metric (2.3), with a scale factor, however, which parametrizes a negatively accelerated (d 
and A i , B i are arbitrary functions of satisfying the constraint A 0i B i = 0 (note that, according to (3.2), the ! 0 limit corresponds now to R ! 0). In order to discuss for which values of ; ; the string equations are satis ed, when t ! t c , by con gurations consistent with the assumed properties (4.12-4.14), we consider separately the three possibilities j j = 1; 0 < j j < 1 and = 0. Such possibilities de ne, respectively, a string gas with the asymptotic properties jpj << q; jpj q and jpj >> q, and correspond, respectively , to string con gurations characterized, in addition to eq.(4.12), by the following asymptotic behaviours jRX 0i j << jr _ X a j The constraint q = p, which can also be rewritten
is not compatible, however, with the general form of the leading solution to the string equations; it can be satis ed only by a particular solution, determined by the asymptotic condition We note, nally, that the proper amplitude of these string con gurations , i = RX i ; a = rX a , grows in the external space, and shrinks in the internal one, as ! 0. In both cases, however, the time evolution of tends to follow, asymptotically, that of the scale factor, so we may regard these strings as a generalization to the anisotropic case of the unstable con gurations recently discussed for isotropic backgrounds 11,14] . In this sense we can say, therefore, that in ation, and the asymptotic decoupling of internal and external dimensions (r ! 0 for R ! 1), are induced by unstable strings.
Discussion and conclusions
A gas of unstable strings, which can form and develop at large R in in ationary expanding backgrounds, is characterized by an e ective negative pressure. If the expansion is isotropic, the pressure is not negative enough (at least in the perfect uid approximation) to sustain in ation by itself, as pointed out in a previous paper 11].
It is possible, however, that unstable strings may sustain simultaneously ination and dimensional reduction, as discussed in the previous Section, provided the number of contracting dimensions is large enough, i.e. n > 10 for D = 4 + n. In this case, the asymptotic evolution of a M 4 N M n background is described in particular by these scale factors (according to eqs. and, by denoting by "f" and "i" the end and the beginning of the phase dominated by these unstable strings, we have the relations Here we suppose that the whole scenario breaks down and the standard adiabatic evolution begins. For a drastic solution of the horizon problem 1,16] one may thus require that the nal size of the particle horizon in four-dimensional space, The requirement (5.9) is strong enough * to accomodate the present values of the entropy S 0 and of the density parameter 0 1]. To be viable, this scenario needs four-dimensionally causally connected regions whose size, at the Planck curvature scale, is very large in natural (Planckian) units. However, such an otherwise "unnaturally large" value is not put in by hand, but is the dynamical consequence of a previous super-in ationary expansion. Thus, the basic di erence from conventional in ationary models is that the Planck era is the nal state of in ation rather than its ancestor. It is true that the Universe has to be very large in its initial state (see eq. in the context of string theory a classical, low curvature regime is naturally expected to occur before the Planck era as a consequence of a symmetry (duality 17]) connecting it to the present epoch.
It should be noted, moreover, that a condition much less stringent than (5.9) is required if one only wants to explain the homogeneity of the cosmic microwave background. In such a case, in fact, one only needs the present size of the visi- (i.e. they are a highly diluted gas, from a gravitational point of view). This density grew up to p , after which some violent transition to local physics ("big bang") led to the standard scenario in which the density started to decrease.
This picture of the early universe ts well with the scenario described in 17], where it is suggested that, because of R $ R ?1 duality, a "stringy" phase before the radiation-dominated expansion is to be expected, and in this phase the temperature should grow (instead of decreasing with R), up to some maximal value of order T p .
The transition occurring at the Planck scale cannot be described, of course, in the context of the model considered in this paper, since at T = T p the Einstein equations are no longer valid and moreover, because of the string Hagedorn temperature, a complete thermodynamical treatment is certainly needed (see 18, 19] ; see also 20] for a formal regularization procedure which avoids the occurrence, in cosmological backgrounds, of curvatures larger than the Planck one).
The physical interpretation of such a transition as a possible model for the big bang was also previously suggested in 21]. The growth of the density and of the temperature during the string phase were obtained, however, by means of an isotropic contraction of the whole universe (with all the spatial dimensions on the same footing). In our model, on the contrary, the density and the energy scale (i.e. the inverse of the curvature radius) grow together with the size of the particle horizon, which is expanding in the physical four-dimensional spacetime. We stress that it is just because of this unconventional property of superin ation that it becomes possible for the universe to emerge at the Planck time with causally connected regions whose size is much larger than the Planck length (see eqs.(5.9),(5.13)).
In conclusion, we have shown that the dominance of unstable con gurations, in a multidimensional string phase, can drive an anisotropic evolution of the back-ground and realize dynamically an e ective decoupling between di erent spatial dimensions. Unfortunately, this mechanism seems to be incapable of choosing, by itself, both the preferred total dimensionality, and the number of contracting dimensions. However, once these parameters are assigned, one has a model in which the universe reaches the Planck density through a super-in ationary evolution and thus with horizons which may be large enough to avoid causality problems after the transition to the standard scenario.
